Super-aligned carbon nanotube (CNT) films have intriguing anisotropic thermal transport properties due to the anisotropic nature of individual nanotubes and the important role of nanotube alignment. However, the relationship between the alignment and the anisotropic thermal conductivities was not well understood due to the challenges in both the preparation of high-quality super-aligned CNT film samples and the thermal characterization of such highly anisotropic and porous thin films. Here, super-aligned CNT films with different alignment configurations are designed and their anisotropic thermal conductivities are measured using time-domain thermoreflectance (TDTR) with an elliptical-beam approach. The results suggest that the alignment configuration could tune the cross-plane thermal conductivity from 6.4 to 1.5 W/mK and the in-plane anisotropic ratio from 1.2 to 13.5. This work confirms the important role of CNT 2 alignment in tuning the thermal transport properties of super-aligned CNT films and provides an efficient way to design thermally anisotropic films for thermal management.
Introduction
Carbon nanotube (CNT)-based materials have attracted great interest in a range of emerging thermal management technologies, from heat dissipation of high power electronics and photonics [1] [2] [3] to personal thermal management, 4, 5 because of their potentially high thermal conductivity, excellent mechanical strength/flexibility, and chemical stability. Previous research showed that the thermal conductivity of a single CNT along the axial direction could reach as high as ~1000 W/mK, 6 while the thermal conductivity of a three dimensional (3D) random CNT aerogel was only ~0.06 W/mK, 7 differing by five orders of magnitude from thermal superconductor to thermal superinsulator. This immense contrast suggests that not only the intrinsic thermal properties of individual CNTs but also the alignment and the contact resistance between the tubes play important roles in the thermal conductivity of CNT-based materials. 8, 9 Highly anisotropic thermal transport is expected in super-aligned CNT films [10] [11] [12] and is to be highly dependent on the alignment. With highly tunable anisotropic thermal transport properties, these super-aligned CNT films could be better utilized for directional control of heat flow, which is an important application of thermal management. Therefore, understanding how 3 the alignment configuration affects the anisotropic thermal transport in super-aligned CNT films is vitally important to the application of those CNT-based materials.
However, the anisotropic thermal conductivities of super-aligned CNT films are not easy to measure due to many constraints, including the micrometer thicknesses, the porous internal structures, and the 3D anisotropic nature of thermal transport in these superaligned CNT films. Our previous work has shown that the time-domain thermoreflectance (TDTR) measurement technique with a highly elliptical pump beam could be used to probe the 3D anisotropic thermal conductivity tensor. 13, 14 However, the porous nature of the super-aligned CNT films cannot meet the requirement of an optically flat and reflective surface for TDTR measurements.
In this work, high-quality super-aligned CNT films with different alignment configurations were fabricated, and their 3D anisotropic thermal conductivity tensors were measured using the elliptical-beam TDTR. In particular, to measure the porous film, the samples were sandwiched to meet the needs of TDTR measurements. The results indicate that both the in-plane and the cross-plane thermal conductivity can be tuned by different alignment configurations of the CNT bundles. The cross-plane thermal conductivity could be tuned from 6.4 to 1.5 W/mK when the stacking angle θ (the angle between the alignment directions of two adjacent CNT layers) increases from 0° to 90°. The in-plane thermal conductivities are also highly directional-dependent and easily subject to the alignment. The in-plane anisotropic ratios are 13.5, 2.8 and 1.2 for CNT films with θ = 0°, 90°, and 45°, respectively. The experiments suggest that the highly tunable 3D anisotropic thermal transport of super-aligned CNT films originates from both the anisotropic nature 4 of individual carbon nanotubes and the inter-tube contact resistance. This work not only has a great significance in understanding the relationship between thermal conductivity and CNT alignment but also provides a solution for the thermal conductivity measurement of porous thin films with high thermal anisotropy. The super-aligned carbon nanotube (CNT) arrays were first synthesized on silicon substrates by chemical vapor deposition. Most of the CNTs are multiwalled tubes with a radius of 10-20 nm and a height of ~300 μm. 10, 11, 15, 16 Due to the high nucleation density and narrow size distribution of catalysis, the alignment and purity of the super-aligned CNT arrays are much better than the common vertically aligned CNT arrays. 10, 16, 17 Continuous CNT films with thicknesses of tens of nanometers were then directly drawn from the CNT arrays as shown in Figure 1 (a, b). The CNT films are aggregated by CNT bundles which are composed of many CNTs due to the van der Waals interaction ( Figure   1c ). By stacking the monolayer films layer by layer with different stacking angles θ, the super-aligned multilayer CNT films were obtained, with Figure 1d , e, and f showing films with different stacking angles of θ= 0°, 90°, and 45°, respectively. With the CNT bundles distribute orderly with certain stacking angles, these unique structures result in high-purity, high-quality, and quasi-unidirectionally aligned CNT arrays. Besides those shown in Figure 1 , other CNT films with stacking angles θ = 30°, 60° were also fabricated and measured. It is expected that the thermal transport in the CNT films is highly anisotropic, closely related to the directional arrangement of CNT bundles. For comparison, the randomly aligned CNT films are also fabricated and measured to compare with the superaligned films (Supporting information, Figure S7a ). The anisotropic thermal conductivities of CNT films were measured using a femtosecond laser-based TDTR system, as shown in Figure 2a . More details of the system could be found in our previous work. 18, 19 Unlike TDTR measurements of optically flat samples, the aluminum (Al) transducer layer cannot be directly deposited onto the surface of the CNT films due to the internal porosity. To solve this problem, a special sandwiched structure as shown in Figure 2b was designed, where the Al transducer layer with a thickness of ~100 nm was sandwiched between the CNT film and a transparent glass slide.
Results and discussion
Both the pump (heating) and probe (sensing) beam penetrate through the transparent glass 7 before impinging on the Al transducer film. The temperature change was monitored by the probe laser through the temperature-dependent change in the optical reflectance of the transducer. The relative cooling rates for the case of bi-directional heat flow from the Al film to both the CNT sample and the glass would be different from the case of unidirectional heat flow from the Al film to the glass, as illustrated in Figure 2c . The biggest challenge for this sandwiched sample configuration to work is the weak bonding between the CNT/Al interface through the van der Waals force, resulting in an ultra-low thermal conductance (G) that could make the measurements insensitive to the thermal conductivity of the CNT samples. 3, [20] [21] [22] We find that the sensitivity to the cross-plane thermal conductivity could be lower than 0.05 when G=1.0 MW/(m 2 K), as shown in Figure   S2a . Here the sensitivity coefficient is defined as , where is the parameter that we are interested in and / is the detected signal. 23, 24 If G is higher than 10 MW/(m 2 K), the sensitivity to would increase to be larger than 0.085, making the measurements of possible. Using a large laser spot size of 40 μm and a relatively high modulation frequency f of 2-10 MHz could suppress the sensitivity to in-plane thermal conductivity while maintaining a high sensitivity to the cross-plane thermal conductivity ( Figure S2b ). To improve the thermal conductance of the CNT/Al interface, isopropanol was sprayed onto the CNT film, which is then placed on the Al surface, and a pressure of ~ 0.65 MPa was applied to the sandwich structure for 24 hours. Here it is noted that although the cross-plane thermal conductivity could be measured after the G was improved, the G could not be determined accurately due to its very low sensitivity ( 0.05, as shown in Figure S2b ). The indeterminable G, however, does not cause any barrier for the current study as it does not affect our measurements of of the CNT films, which is the aim of this study. Separate TDTR measurements reveal the thermal conductivity of glass as 1.35±0.13 W/mK and the interface thermal conductance (G1) of glass/Al as 300±30 MW/(m 2 K). The thickness of the Al transducer was determined to be 103±3 nm by picosecond acoustics. The specific heat capacity of CNTs is taken as 0.7 J/(gK) from the literature. 25, 26 The thicknesses of the CNT films were determined to be ~ The cross-plane thermal conductivity of the CNT films could be first determined independently from measurements using a large spot radius of 40 μm and a high frequency of 9.8 MHz (see sensitivity analysis in Figure S2b ). Figure 3a shows an example of the TDTR signals / of the CNT film with stacking angle θ = 0° and their fitting curve as a function of the delay time between the pump and the probe beam. The corresponding cross-plane thermal conductivity was determined to be = 6.4 ± 1.7 W/mK. To explore the influence of the stacking angle θ on , of the aligned CNT films with θ = 30°, 45°, 60°, and 90° were measured (Figure 4b ). It is found that decreases as the stacking angle θ increases from 0° to 90°, with the 90° aligned CNT film having the lowest (1.5±0.8 W/mK), even slightly lower than that of the random CNT film (1.8±0.9 W/mK) ( Figure S7d ). The reason for this stacking angle-dependence of is that the thermal resistance in the -direction is dominated by both the thermal resistance of CNT bundles , and the inter-bundle contact resistance , (Figure S5a and S5b). Assuming the same length and diameter for all the CNT bundles, the crossplane thermal conductivity of the aligned CNT films could be written as
Where the Biot number Theoretically, the in-plane thermal transport along any direction could be simplified as the results of two parallel paths along x-and y-directions ( Figure S5d ). For example, for the parallel-aligned CNT film, the in-plane thermal conductivity along the direction could be written as 
Conclusions
In summary, the super-aligned CNT films with different alignment directions were designed to tune their thermal transport in both in-plane and cross-plane directions. The anisotropic thermal conductivities of CNT film were measured using the time-domain thermoreflectance (TDTR) measurement technique with the elliptical beam approach. To meet the requirement of an optically flat and reflective surface in the TDTR method, a special sandwich sample configuration was designed. It is found that the cross-plane thermal conductivity could be tuned from 6.4 to 1.5 W/mK when the stacking angle θ increases from 0° to 90°. The in-plane anisotropic ratio changed from 13.5 to 1.2 when the stacking angle changes from θ=0° to at θ=45°, indicating that the in-plane thermal transport can be tuned from being highly anisotropic to homogenous. Analysis of our results suggests that the tunable anisotropic in-plane thermal conductivity originates from the ultrahigh axial thermal conductivity of a single CNT in contrast to the weak inter-tube thermal contact, together with the important role of the alignment. This work not only deepens our understanding of the influence of the CNT alignment on the anisotropic thermal transport in super-aligned CNT films but also provides a solution to measure the thermal conductivity of the porous films with high anisotropy.
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